Bi-18B7 antibody, amphotericin B, or both. Melanization before infection did not increase resistance of C. neoformans to RIT in vivo.
of C. neoformans occurs in the course of infections, is a virulence factor for this microbe, and reduces the effectiveness of antimicrobials including amphotericin B [3] , which adds to the need for novel effective treatments of C. neoformans in the setting of immunosuppression.
Radioimmunotherapy (RIT) relies on antibodies to deliver cytotoxic a or b radiation to tumor cells [4] . The radiolabeled monoclonal antibodies (mAbs) ibritumomab tiuxetan and tositumomab and iodine I 131 tositumomab are approved by the US Food and Drug Administration for the treatment of untreated, refractory, and recurrent lymphomas. Several years ago, we introduced RIT into the realm of infectious diseases, showing prolonged survival in mice systemically infected with C. neoformans and treated after infection with a radiolabeled mAb specific for C. neoformans polysaccharide capsule [5] . This approach shows little acute hematological or long-term pulmonary toxicity [6] , and work has begun to uncover the radiobiological and immune mechanisms of RIT for C. neoformans [7, 8] . Here, as a step toward bringing RIT for fungal diseases into clinical practice, we compare the efficacy of RIT with that of amphotericin B against systemic experimental C. neoformans infection. We hypothesized that a C. neoformans-specific antibody radiolabeled with a-particle-emitting 213 Bi (bismuth-213) or b-particle-emitting 188 Re (rhenium-188) would be able to kill both melanized and nonmelanized C. neoformans cells in vivo better than standard antifungal therapy. We also investigated whether the combination of RIT and amphotericin B treatment would produce different results from either therapy alone.
Methods. C. neoformans var. neoformans strain 24067 (American Type Culture Collection) was grown on Sabouraud agar. Nonmelanized cells were incubated overnight in Sabouraud broth; melanized cells were incubated in a subculture for 3 d in minimal medium with 1 mmol/L l-3,4-dihydroxyphenylalanine. Before infection, cells were washed in phosphatebuffered saline and adjusted by use of a hemocytometer to 10 7 cells per milliliter. The plating efficiency was 55% and 70% for nonmelanized and melanized cells, respectively.
The glucuronoxylomannan-binding murine mAb 18B7 (immunoglobulin G1) is described elsewhere [5] . 3 C. neoformans cells were incubated with 0-1.0 mg/mL amphotericin B as a deoxycholate (Bristol-Myers Squibb) at 37ЊC for 2 h, aliquots were plated, and CFUs were counted. Cellular dosimetric calculations were performed as described elsewhere [9] . The experiments were performed twice.
For animal experiments, all procedures followed the guidelines of the Institute for Animal Studies of the Albert Einstein College of Medicine. Melanized or nonmelanized C. neoformans cells ( cells per mouse) were injected into the tail vein 5 3 ϫ 10 of 6-8-week-old female partially complement-deficient AJ/Cr mice (National Cancer Institute). One day after infection, mice infected with nonmelanized or melanized C. neoformans were divided into groups of 5. The mice in each group were either untreated; given intraperitoneally 100 mCi of 213 Bi-18B7; treated at 24, 48, and 72 h after infection with amphotericin B as a deoxycholate at a dose of 1 mg per gram of body weight; or given both treatments. Mice were monitored for survival, and weights were measured every 3 d. At 60 d after infection, mice were killed and the lungs and brains were plated for CFUs and fixed for histopathological analysis. Tissues were stained with hematoxylin and eosin or Gomori-Grocott methenamine silver (GMS; ScyTek) to detect inflammation and C. neoformans, respectively. The remaining lung and brain tissues were used to count the CFUs.
To determine the rate of sterilization of the organs of infected mice by amphotericin B alone, mice were infected with melanized or nonmelanized C. neoformans as described above and treated with amphotericin B at a dose of 1 mg per gram of body weight for 14 d. At 7 and 14 d after treatment, 4 mice from each group were killed and the lungs and brains were plated for CFUs. This experiment was performed once. Differences between mice in the number of CFUs and body weight were analyzed with the Student t test for unpaired data. Results for which were considered significant. Figures 1A and 1B) . The difference in the susceptibility of melanized and nonmelanized cells to antibody-delivered radiation became obvious when we attempted to achieve 99.9% elimination of cells. Sixteen microcuries (0.8-krad-dose) of 188 Re-18B7 mAb eliminated 99.9% of nonmelanized cells, whereas that degree of cell killing was not achieved for melanized cells in the investigated range of activity.
213 Bi-18B7 mAb killed 99.7% of nonmelanized cells with 0.4 mCi (0.17 krad-dose), but again that level of cell killing was not observed for melanized cells. As ∼10 times less 213 Bi radioactivity than 188 Re radioactivity was required to eliminate the bulk of either melanized or nonmelanized cells, we selected 213 Bi mAb for comparison with amphotericin B in vivo. One microgram per milliliter amphotericin B reduced the number of C. neoformans CFUs by 12 log units ( Figure 1C ). Considering the published minimum inhibitory concentration for melanized C. neoformans strain 24067 is higher than for that for nonmelanized C. neoformans strain 24067 (0.1875 and 0.1250 mg/mL, respectively), we selected a dose of 1 mg per gram of mouse body weight (∼17 mg per mouse, which allowed a transient blood concentration of 8.5 mg/mL) for in vivo experiments.
Changes in the mean weights of the AJ/Cr mice in the different treatment groups infected with nonmelanized or melanized C. neoformans are shown in Figures 2A and 2B . RIT-treated mice in the nonmelanized C. neoformans group experienced some weight loss between days 0 and 20 and then gained weight for the rest of the observation period. RIT-treated mice in the melanized C. neoformans group gained weight faster than those in the nonmelanized C. neoformans group ( ). Ampho-P p .04 terecin B-treated mice in the nonmelanized C. neoformans group lost some weight around day 30 but then recovered (Figure 2A) , whereas amphotericin B-treated mice in the melanized C. neoformans group gained weight during the whole observation period ( Figure 2B) . However, the difference in weights between the amphotericin B-treated mice and the RIT-treated mice in the melanized C. neoformans group was significant ( ) only P ! .05 until day 20, until which time the RIT-treated mice were still recovering from RIT-associated weight loss; after day 20, the difference was not statistically significant ( ). The com-P 1 .05 bined treatment group did best in terms of gaining weight among mice infected with nonmelanized C. neoformans, whereas in the melanized C. neoformans group, the mice receiving the combination treatment gained more weight than those treated with RIT and then equalized with the RIT-treated mice later in the study.
Analysis of the lungs and brain at 60 d after infection showed that amphotericin B did not significantly decrease the number of CFUs in the lungs and brain of mice in either the non- ). RIT significantly P 1 .05 decreased the fungal burden, compared with no treatment or amphotericin B treatment ( ). In fact, RIT-treated mice P K .05 in the nonmelanized C. neoformans group almost completely cleared fungus from the brain (lower limit of detection, 50 CFUs), whereas RIT-treated mice in the melanized C. neoformans group almost completely cleared the infection from both the brain and the lungs. The combined treatment was more efficient than amphotericin B alone for both brain and lungs ( ) and more efficient than RIT alone in eliminating C. P ! .05 neoformans from the lungs ( ) of mice in the nonmelan-P ! .05 ized C. neoformans group ( Figure 2C ). For mice in the melanized C. neoformans group, the combined treatment was better than amphotericin B alone for both the brain and the lungs ( ) but worse than RIT alone ( ) ( Figure 2D ). P ! .05 P ! .05 Mice that received prolonged treatment with amphotericin B alone for 14 d showed no improvement in the number of CFUs in either the brain or the lungs on day 7 after treatment, in both the nonmelanized C. neoformans group and the melanized C. neoformans group ( ); on day 14 there was a P 1 .05 trend toward a 1 log reduction in the number of CFUs in the brain and lungs of mice in both the nonmelanized C. neoformans group and the melanized C. neoformans group (P p ) ( Figure 2E ). .06
Histopathological analysis of lung and brain tissue demonstrated the focal nature of infection in all groups. Neutrophils and foamy macrophages infiltrated the lungs of mice that were untreated or treated with amphotericin B (Figures 2F and 2H) . Interestingly, several mice that received RIT ( Figure 2G ) or combined treatment ( Figure 2I ) had some C. neoformans cells in the organs that were visualized by means of GMS staining but did not have CFUs in either the brain or the lungs, which indicates that fungal cells identified by GMS staining may have lost the ability to replicate.
Discussion. We compared the efficacy of RIT for infection with melanized or nonmelanized C. neoformans to that of the standard antifungal agent amphotericin B as a deoxycholate, as well as the efficacy of combination therapy. Melanin is a known virulence factor for C. neoformans [3] , and melanization protects C. neoformans from external g radiation (as reviewed by Dadachova and Casadevall [10] ). We observed that melanization of C. neoformans before infection did not increase the resistance of C. neoformans to RIT in vivo. Possible explanations for this may include the delicate balance existing in vivo between daughter cells that are not melanized right after budding [11] and the acquisition of melanin once the daughter cells establish themselves in organs containing melanin precursors, as the well as the contribution of host immune defenses toward RIT efficacy [7] , which is obviously absent in vitro. It has been demonstrated that mice mount an intense antibody response to fungal melanin that includes antibodies of immunoglobulin M and immunoglobulin G isotypes, which points to the stimulation of the immune system by melanin [12] . Given that antibodies to melanin can have a direct antifungal effect on cryptococcal cells, it is possible that such stimulation of the immune system contributes to the efficacy of RIT against melanized cells.
Our most important observation is that RIT was more effective in reducing the fungal burden in the lungs and brain than amphotericin B at a high dose of 1 mg/g, with most RITtreated mice almost completely clearing the infection. The inability of amphotericin B to reduce the fungal burden in the organs of partially complement-deficient AJ/Cr mice after 3 d of treatment was explained in the follow-up study, with a trend toward a reduction in the number of CFUs in the brain and lungs manifesting itself only on day 14 of treatment. These observations are in concert with those in literature, which show that even in intact robust mice (such as CD-1 or BALB/c mice), amphotericin B as deoxycholate was also able to produce only a 1-1.5 log reduction in the number of CFUs and all mice died around day 24 [13, 14] . Our observations are also in concert with the data from clinical studies showing that a short course of amphotericin B does not sterilize cerebrospinal fluid or blood and that the rate of sterilization correlates with survival [15] . Our results underline the advantages of RIT, which produces microbicidal effects in vivo after just 1 injection, compared with prolonged treatment with amphotericin B. When combined RIT and amphotericin B treatment was used, a complex picture emerged of dependence on the melanization status of the infection. Combination treatment was more effective than amphotericin B alone for both nonmelanized and melanized C. neoformans groups. For mice in the melanized C. neoformans group, the combination treatment was less effective than RIT, which could be due to the inflammation and renal toxicities associated with amphotericin B at this dose in mice. Interestingly, for mice in the nonmelanized C. neoformans group, the combination treatment did produce some synergy in reducing the number of CFUs in the lungs. It is possible to suggest that if RIT is administered much later during the course of treatment with amphotericin B, then some synergistic effects might be observed.
It is noteworthy that the remaining fungal cells retain sensitivity to radiation and would be amenable to further RIT treatments [8] . In conclusion, RIT with a-emitter-armed antibodies is more effective than amphotericin B against experimental systemic infections with both melanized and nonmelanized C. neoformans, which presents an attractive option for the development of clinical treatment.
